Livestock grazing can compromise the biotic integrity and health of wetlands, especially in remotes areas like Patagonia, which provide habitat for several endemic terrestrial and aquatic species. Understanding the effects of these land use practices on invertebrate communities can help prevent the deterioration of wetlands and provide insights for restoration. In this contribution, we assessed the responses of 36 metrics based on the structural and functional attributes of invertebrates (130 taxa) at 30 Patagonian wetlands that were subject to different levels of livestock grazing intensity. These levels were categorized as low, medium and high based on eight features (livestock stock densities plus seven wetland measurements). Significant changes in environmental features were detected across the gradient of wetlands, mainly related to pH, conductivity, and nutrient values. Regardless of rainfall gradient, symptoms of eutrophication were remarkable at some highly disturbed sites. Seven invertebrate metrics consistently and accurately responded to livestock grazing on wetlands. All of them were negatively related to increased levels of grazing disturbance, with the number of insect families appearing as the most robust measure. A multivariate approach (RDA) revealed that invertebrate metrics were significantly affected by environmental variables related to water quality: in particular, pH, conductivity, dissolved oxygen, nutrient concentrations, and the richness and coverage of aquatic plants. Our results suggest that the seven aforementioned metrics could be used to assess ecological quality in the arid and semi-arid wetlands of Patagonia, helping to ensure the creation of protected areas and their associated ecological services.
Introduction
Wetlands play a critical role in maintaining natural cycles that support biodiversity and provide services that contribute to human well-being and poverty alleviation [1, 2] . However, in the Patagonian Region of Argentina, wetland ecosystems receive little attention from systems (e.g. rivers, lakes), whereas isolated wetlands were those located in basins with little outflow and no adjacent deep water systems, where groundwater and rainfall were presumed to be the only input. Though we use the term "isolated" it is implicit that they are regularly connected to groundwater [6] .
Annual rainfall at each wetland was estimated using the regression models of Jobbágy et al. [25] developed for the NW of Chubut Province. The distance to the mountain range was estimated using the Google Earth software.
Sampling effort (environmental features, plant and invertebrates) was mostly concentrated in the inundated zone of wetlands. To evaluate the effect of livestock on abiotic wetland conditions, morphometric and physicochemical measurements were also performed at each site. Measurements included length and width; inundated area (measuring tape or a LandSat 7 images RGB 123); and mean depth (calibrated stick). In shallow ponds, depth was assessed at five points on a line transect, whereas mean depth for lacustrine fringe areas were gathered from the literature [26] . Water temperature (°C), specific conductance (μS/cm), total dissolved solids (mg/L), pH, and dissolved oxygen (mg/L) were obtained with a Hach sensION156 multiparameter probe. To optimize comparisons, site visits were carried out at the same time each day.
At each pond, one water sample (2L) was taken from below the surface and kept at 4°C prior to analysis. In the laboratory, nutrients (±0.01 μg/L) were assessed as follows. Total nitrogen (TN) was assessed via alkaline oxidation with potassium persulphate and boric acid, cadmium column reduction, and subsequent diazotization. Total oxidized nitrogen (NO 3 -plus NO 2 -) was obtained following cadmium column reduction and subsequent diazotization.
Ammonia (NH 4 + ) was determined colourmetrically by the indophenol blue method. Total phosphorus (TP) was analyzed by acid oxidation with potassium persulphate and subsequent determination as soluble reactive phosphate (SRP), by the molybdate/ascorbic acid method [27] .
Aquatic plant collection
At each site, a stratified random sampling was performed in an effort to include all aquatic plants life forms present at a site. In permanent environments (deeper sites) the lacustrine fringe areas were examined. Samples were collected and stored in plastic bags. In the laboratory, macrophytes were identified using a regional taxonomic book [28] . A more detailed description of the collection methodology is in Kutschker et al. [3] . The percentage of vegetation cover was assessed visually [29] and divided into seven categories (<1%, 1-5%, 6-25%, 26-50%, 51-75%, 75-99%, and 100%).
Invertebrate analysis
Aquatic invertebrates were sampled using a D-frame net (800 μm mesh). The net was horizontally (1.5m) swept eight times, from the margins to the middle part of the ponds, removing invertebrates associated with epibenthos, nekton, and pleuston. This type of sampling effort attempts to obtain species from most of the habitats within the wetland [16] . Contents of the 8 sweeps were pooled into 1 composite sample. Three composite samples were collected per site.
Invertebrates were fixed in the field in 5% formalin. In the laboratory, samples were sorted under 5 x magnification and stored in 70% ethyl alcohol. Organisms were identified using a stereomicroscope (LEICA MZ6) to the lowest possible taxonomic level [30] and counted. By taking into account the area of the D-frame net and the distance covered in the water, we were able to express invertebrate density as the number of individuals per unit volume (ind/m 3 ).
For most taxa, available length-mass relationships [31] were used to estimate biomass of individuals. Complete descriptions of methodology and instruments utilized can be found in Epele & Miserendino [32] . Biomass data were expressed as g DM/m 3 . All aquatic invertebrates (adults and larvae) were assigned to functional feeding groups (FFG) using available references [33] , knowledge of feeding modes (mouthpart morphology and behaviour), and analysis of gut contents.
Metric selection
Invertebrate metrics included measures of taxonomic richness, abundance and biomass; tolerance to a given disturbance; percentage taxonomic composition; and functional feeding groups [15, 16, [34] [35] [36] . A total of 36 descriptors based on structural or functional attributes of invertebrates (Table 1) were estimated to assess wetlands quality and to compare sites subjected to different levels of grazing pressure (low, medium or high). However, the total number of metrics employed was 88, as the metrics "insect family biomass" and "invertebrate (no insect) biomass" involved 34 insect families and 15 orders of non-insect invertebrates (S1 Table) . Feeding measures were obtained using density and biomass data (a total of 12 metrics). Following Barbour et al. [34] , metrics were tested for sensitivity by comparison of low, medium and high impact sites. The sensitivity of each metric (its ability to discriminate between grazing pressure ranks) was judged according to the degree of interquartile overlap in box-and-whisker plots. Metrics were judged to have one of 4 sensitivity values: a sensitivity of 3 (strong) if no overlap existed in the interquartile range; a sensitivity of 2 (strong) if there was some overlap that did not extend to the medians; a sensitivity of 1 (weak) if there was a moderate overlap of interquartile ranges but at least 1 median was outside the range; and a sensitivity of 0 if the interquartile overlap was considerable; with no discrimination between reference and impaired sites. We chose to omit from our model those metrics that did not show the expected response to disturbance and did not segregate sites with different impact levels or that showed many zeros in the matrices (e.g. occurred when the evaluated metric is based on a species or trait that was uncommon in the assessed sites).
Statistical analysis
A Pearson correlation matrix was used to reveal any covariation between environmental features (STATISTICA 6.0). When variables displayed a strong covariation (R > 0.4; p < 0.05), one was only retained.
Principal component analysis (PCA) was performed in order to identify major sources of variation in physical and chemical variables across the 30 studied wetlands. Prior to analysis, all environmental data (except pH) were log (x+1) transformed [37] .
After applying the Barbour et al. [34] procedure, the set of selected metrics were tested to determine their agreement with the following criteria: 1) to be non-redundant, 2) to show the predicted response to water quality variables, 3) to display the highest sensitivity to grazing pressure, 4) to be user-friendly for future monitoring purposes.
Redundancy among metrics was tested using a Pearson correlation analysis in STATISTICA 6.0. A metric was considered redundant if the correlation coefficient among the metrics set was higher than 0.75, and the p-value smaller than 0.05. Relationships among the candidate metrics and physicochemical variables were assessed graphically (Pearson correlation coefficient), then the trend (expected vs. non-expected) and statistical signification was evaluated (p < 0.05). From the metrics considered redundant, the one with the highest sensitivity, highest correlation coefficient with environmental variables, and the most user-friendly characteristics was selected.
In order to assess relationships between all candidate metrics and environmental variables, including physicochemical and biological predictors, a Redundancy Analysis (RDA) was run using CANOCO [38] . RDA was chosen because previous inspection of the data revealed a linear mode rather than a unimodal response in the biotic variables [39] . Environmental variables that were strongly intercorrelated with others (those with an inflation factor >20) in the initial analysis were excluded. The forward selection option provided by CANOCO was applied and those variables with p < 0.05 (Monte Carlo permutation test with 9999 permutations) were kept for the analysis. The final RDA model was run using a set of independent and significant environmental variables [39] .
Results

Environmental variation of wetlands
The 30 mallines were dissimilar in size but were equally distributed across the three different grazing intensities ( Table 2 ). Most of the water bodies (25) were shallow (average depth <0.6 m). This was reflected in the water temperature which varied from 10.5°C (PQ1) to 25.5°C (SAN). Dissolved oxygen varied from 5.6 mg/L to 18.27 mg/L. However, neither mean temperature nor dissolved oxygen differed significantly among groups (p > 0.05). Physicochemical parameters that significantly varied among site groups were water conductivity, pH, salinity, and total dissolved solids (Kruskal Wallis, p < 0.001). An important gradient in pH values was found, circumneutral at low impact sites (6.79) to extremely alkaline at medium and high impact sites (9.45). However, most mallines showed slightly alkaline values (~8). Mean conductivity was 117.3, 237.8 and 2101 μS/cm at low, medium and high disturbance sites respectively. Furthermore, the most disturbed wetlands showed conductivity values significantly higher than those with medium or low grazing intensity (Table 2 , Kruskal Wallis, p < 0.005). Salinity was similar between low (0.06‰) and middle (0.1‰) grazing intensity groups, but these differed from high grazing intensity groups (1.4‰). Nutrient values were markedly different when contrasting sites at low and medium intensity of grazing with those that were highly grazed. High values of total nitrogen (TN; 4761, 5181 and 10514 μg/L) were recorded at PiP, LaC and DoJ mallines respectively, and these sites also showed the most extreme values of ammonium (Table 2) . However, at most wetlands, very low values of nitrates (NO 3 −2 ; 2.5 μg/L, n = 23) and total phosphorus (TP; <130 μg/L, n = 26)
were observed. Higher values of total phosphorus were also documented in the most impacted wetlands (e.g. 982, 1951 and 3922 μg/L; GUJ, DoJ and LaC). Aquatic plant attributes were contrasted among groups of sites. Mean values of plant richness varied between 4 and 6.2 taxa at sites with high and low grazing intensity respectively. Coincidently, richness of native plants was 2.7 and 4.3 taxa, in the same two site groups. Plant coverage changed significantly among groups, with highly disturbed sites showing the lowest values ( Table 2) .
Principal Component Analysis (PCA) showed a clear site separation according to environmental characteristics (Fig 2) . The first factor explained 74.5% of the sites variance and was mainly determined by a pond's area, water temperature, and dissolved oxygen. Variables secondarily associated with PCA1 were related with wetland location in geographic space (altitude and latitude). The second component (PCA2) captured 16.4% of the variance of site distribution, and was determined by chemical variables (TN, TP, NH 4 + , conductivity and pH) and precipitation. Wetlands associated with small lakes (LaT, LaZ, LaW and LET) and those having large flooded areas (NhP, MTe and PQ1) were located to the positive end of PCA 1 (Fig 2) . Sites well oxygenated that displayed higher temperature values were grouped on the negative end of PCA1. Also, this component (PCA1) clearly separated sites according to their hydrological condition, with sites corresponding to connected wetlands (triangles) placed on the negative end of PCA1, and those classified as isolated (circles) grouped to the positive end of PCA1. The PCA2 axis highlighted the existence of a disturbance gradient, and was explained by the nutrient concentrations (TP, TN, NH 4 + ), conductivity, and pH. Accordingly, a set of sites (DoJ, LaC and PiP) having nutrient loads and alkaline waters were located on the positive end of PCA2. Grouped on the opposite PCA2 end were sites: SAN, TK1, TK2, TK3, TrH, BCH, VFr, MB1 and MB2. These sites displayed poor nutrient levels and low conductivity. The axis also placed sites along a gradient of rainfall, with sites from more humid areas located in the two lower quadrants. The multivariate analysis allowed us to validate the levels of grazing pressure assigned, with more highly impacted sites placed on the right upper quadrant and lesser impacted sites in the lower left quadrant (Fig 2) .
Metric selection
As a result of the application of the criteria previously defined for all candidate metrics (88), nine were selected to evaluate disturbances in the wetlands (Fig 3) . A group of six measures of richness, abundance and biomass (no. of insect families, total taxa, no. of aquatic insect taxa, no. of orders of invertebrates no insects, no. of Chironomidae taxa and Amphipoda biomass), two of composition (% Amphipoda and % EOT) and one of functional feeding groups (% predators), displayed the best performance. The metric no. of insect families showed consistent, strong sensitivity (type 3), with median values of 9 and 5 families at sites with low and high levels of disturbance, respectively. The remaining metrics of richness, abundance and biomass, showed the same behavior, but were not as consistent, being more variable at lesser grazed sites (Fig 3) . The metric n°orders of invertebrates no insects, showed the highest values in middle grazed sites, and was lowest in the highly disturbed wetlands. However, it was retained because it is easy to calculate (low effort of taxonomic resolution), and could improve the discrimination power if the number of reference sites increase. The other three metrics (% Amphipoda, % EOT, and % predators) showed great variability at reference sites; nevertheless, they displayed strong sensitivity to disturbance.
Covariation assessed within metrics based on richness, abundance, and biomass data revealed that some measures were redundant (r > 0.70). For example, no. of aquatic insect taxa Livestock Grazing Effects on Patagonian Wetlands Ecology and total taxa were strongly correlated with the no. of insect families and number of Chironomidae taxa (r > 0.78). These two metrics provided the same information that the no. of insect families, therefore they were discarded in favor of the no. of insect families. On the other hand, % predators was correlated with % EOT (r = 0.76), but both were preserved as they provided different information about the aquatic invertebrate community.
Water quality features, relationships with metrics
Several significant and predicted responses were observed between selected metrics and water quality variables (Fig 4) . None of the selected metrics varied significantly with annual rainfall, water temperature, mean depth, area of the water body, dissolved oxygen, or total richness, of aquatic plants (P > 0.05). With the exception of % Amphipoda and Amphipoda biomass, all selected metrics showed at least one significant correlation with water quality related parameters (pH, conductivity, and nutrients) (Fig 4) .The expected response of metrics was a decrease in values as nutrient, pH, and conductivity values increased. Particularly, no. of insect families and n°of Chironomidae taxa decreased significantly with the rise of nutrients (TN, TP and SRP). Moreover, no. of insect families and % predators decreased significantly with NH 4 + increases.
Multivariate analysis
The RDA ordination revealed a strong relationship between invertebrate metrics and environmental variables (Table 3) , with correlation coefficients of 0.86 and 0.70 for the first and second axis, respectively. Conductivity, TN, aquatic native plant richness, and aquatic plant coverage were the most significant variables explaining variation in the 88 candidate metrics (Table 3 ; Fig 5) . The first and the second axes explained 57.3% of the total variation in the metrics-environmental relationships. The first axis (F = 3.61, p< 0.008) and the overall model (F = 1.603, p< 0.002) were statistically significant. The disturbance gradient (RDA 1) was mostly determined by conductivity, TN, the richness of aquatic native plants and the aquatic plant coverage. The 7 selected metrics were associated to the negative endpoint of this axis (Fig 5) .
Discussion
Environmental background of Patagonian wetlands
This research identified significant changes in physicochemical features (mainly pH, conductivity, and nutrient values) across the gradient of the 30 studied Patagonian wetlands. While, the set of mallines included small isolated sites, lacunar systems and wetlands associated with rivers and streams (connected), the variation of environmental parameters fitted well with the identified levels of grazing intensity, and this disturbance gradient was validated by the multivariate analysis. Wetlands impacted by farming activities and pasture improvement usually have higher levels of nitrogen, phosphorus, turbidity, conductivity, and pH than undisturbed sites [40] [41] [42] , indicating that these trends are strongly related to anthropogenic actions. However, the variation of certain physicochemical characteristics (e.g. salinity, conductivity, pH) could respond to both natural and human causes, which is expected when analyzing wide environmental gradients such as we describe here. The most highly impacted wetlands were generally located at the East, which was expected since water scarcity forces landowners to increase livestock density in wetlands. Hence, water conductivity should be related to the nature and origin of soils, as well as to annual rainfall; however, others have shown that overgrazing has also promoted the erosion and salinization of several Patagonian environments including Livestock Grazing Effects on Patagonian Wetlands Ecology wetlands [43] . Finally, the variation of conductivity can be explained at least in part by the current land use practice. Regardless of the value of annual average precipitation, symptoms of eutrophication were remarkable at some sites in the form of high nutrient concentrations. At least four of the more highly disturbed wetlands displayed extreme concentrations of nitrogen and total phosphorus suggesting hypertrophy [44] , presumably caused by the presence of livestock. Moreover, nutrient values were recorded that exceeded those documented by other authors in grazed wetlands [7] , including some in highly disturbed areas [41, 45] . Nutrient enrichment in wetlands promotes Table. doi:10.1371/journal.pone.0137873.g005 changes in the composition and abundance of algae and macrophytes, sometimes by reducing their species richness and increasing the abundance of exotic species [41] . Plants are considered key habitat components in aquatic environments for their role in increasing habitat complexity [46] , and for their importance as a food source [47] . In this study, the metrics redundancy analysis revealed that an increase in nutrients and loss or diminution of the richness of native aquatic plants can have detrimental effects on the biomass, abundance, and richness of invertebrate.
Invertebrate metrics
Seven invertebrate metrics consistently and accurately described the effects of livestock grazing on wetlands. This set of metrics included measures of richness, abundance, biomass, composition and feeding groups, representing different communities attributes. In agreement with other reports from the United States [48] and Spain [49] , these metrics were negatively correlated with increased levels of grazing disturbance. In addition, they responded as expected to variation of water quality parameters (nutrients, pH, and conductivity).
The number of insect families was the most robust metric. Taxonomic resolution to genus or species level often gives accurate results and provides more information, but it requires more training, adequate knowledge, and more time [16] . As observed by other authors [13] , information at the family level may reflect community patterns that are similar to those obtained with more refined taxonomic information, and thus can be considered appropriate to use in the analysis of the status of Patagonian wetlands.
The % EOT proved to be significantly sensitive to the increase of water conductivity, but also decreased with increasing pH and nutrient levels. This metric has been successfully used in other studies [16] , being sensitive to chemical factors and anthropogenic disturbances (e.g. increased turbidity [50] ) and was, therefore, expected to decrease with increased livestock intensity. As expected, the % predators decreased with increasing disturbance. Invertebrate predator assemblages are usually good predictors of overall aquatic invertebrate community richness. Others have found that by modifying the structure of the natural plant community, livestock grazing can negatively affect the abundance of predators [51] .
In temperate areas, aquatic invertebrates have been demonstrated to be good biological indicators of wetland ecological health [52, 53] . Our multivariate approach revealed that the 88 metrics responded consistently to five key environmental variables: pH, conductivity, dissolved oxygen, nutrients, and aquatic plant coverage and richness. Similar results have been reported by other authors [15, 54] . The strongest responses involved the positive relationships between invertebrate metrics and aquatic plant coverage and native species richness. We propose the following explanation: wetlands are structurally complex habitats [55] , and the disturbances caused by grazing tend to reduce their complexity by affecting the richness and coverage of aquatic plants. Livestock remove substantial amounts of vegetation and trample the ground, effectively reducing substrate and shelter availability thereby affecting invertebrate community structure. As demonstrated recently by Kutschker et al. [3] , there was significantly lower richness of macrophytes at heavily grazed sites compared to those having low grazing pressure.
The metrics Shannon-Weaver diversity and % dominant taxon have been frequently used as measures of rapid assessment of wetlands health [35, 41] . As observed in the RDA analysis, both metrics could function properly for assessing Patagonian wetland quality but should be tested by adding a higher number of study sites.
Wetlands management and conservation strategies
The physical effects most markedly associated with livestock included high feces concentrations; soil erosion and salinization; and signs of foraging and trampling. Different agencies such as INTA (e.g. [56] ) have suggested that mallines should be fenced in order to assign a particular function to them in rodeo management (e.g. lamb fattening). This practice has also been recommended for Australian wetlands [57] , with good results. However, this conservation action was rarely documented at sites covered by this study. Proposed conservation recommendations originating in other countries that might also be effective in Patagonia include the creation of artificial ponds and mechanical troughs for livestock watering [58] . Due to the fact that livestock producers are ultimately the ones who decide how to manage Patagonian fields, it would be desirable to alert them to the consequences of the livestock grazing practices on wetland performance and quality. Knowledge of wetland trophic structure, richness, and biodiversity may be relevant not only for natural resource managers, but also for landowners. This work enriched interactions between concerned parties, with government institutions (such as INTA) now receiving farmers' feedback, and providing farmers with quality information in return.
Final considerations
In this study we defined three levels of grazing intensity which were easily measured in the field by combining information related to eight features of thirty Patagonian wetlands. Not only are these metrics easy to calculate, but they provide accurate information about the wetland's conservation status and could also roughly reflect the water nutrient levels.
The most prominent metric is "number of insect families"; indicating that, with a quick training in insect family identification, this metric could be used to rapidly assess the ecological condition of the ponds of NW Patagonia. However, in addition to this and other metrics, we also recommend that the physicochemical measurements of the ponds be taken, since these data could be used to distinguish between natural and anthropogenic effects.
We suggest the inclusion of aquatic invertebrate metrics in future monitoring programs, given their sensitivity to different levels of livestock impacts, low cost, easy sampling, and their relevance to complement the information provided by other biological quality elements frequently used in such programs worldwide. It would also be desirable that future conservation actions include Patagonian ponds as part of a mosaic of freshwater habitats.
The results of this study reveal that ponds from arid and semi-arid Patagonia support high invertebrate community biodiversity, yet they are vulnerable to livestock grazing practices. Unfortunately, arid and semi-arid Patagonia have very few protected areas. Moreover, pond monitoring or restoration programs are rare; therefore this study can be considered as the first step for the use of aquatic invertebrates as potential candidates for biomonitoring in Patagonia.
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